The ultrastructural features of quinolone-induced arthropathy were studied in' the humeral and femoral heads of nine skeletally immature Beagle dogs (3 months old) that were dosed orally with difloxacin at 300 mg/kg body weight and euthanatized 24, 36, or 48 hours later in groups of three. Three age-matched dogs were given a placebo and euthanatized after 48 hours. Mitochondria in chondrocytes had significantly greater cross-sectional areas (P < 0.05) in electron micrographs from dogs euthanatized after 48 hours of treatment than did those in other groups. There was also a significantly greater percentage of chondrocytes with swollen mitochondria in treated dogs than in the controls (P < 0.05). These changes preceded the necrosis observed in some chondrocytes in the dogs of the 48-hour group. Disruption of extracellular matrix was first observed in the pericellular matrix of necrotic chondrocytes, indicating that this change was secondary to the changes in chondrocytes. Fissures within cartilages apparently resulted from the loss of the normal association of proteoglycans with collagen fibrils.
Quinolones are potent antibacterial compounds, but their use is restricted in children or animals with immature skeletons because of their toxic effect on articular-epiphyseal cartilage complexes (AECC). The use of quinolones has been clinically associated with arthralgia in human being^^,^.'^,^^,^^,^^ and has caused lesions in AECC of immature d o g~,~,~J 1-13~16~17, 28 guinea pigs,' rabbit^,^ rats,4J9p20 and nonhuman primate^.^,^^ The histologic and histochemical features of the early-stage lesions in AECC of scapulohumeral, humeroradial, radiocarpal, coxofemoral, femorotibial, and tibiotarsal joints of immature Beagle dogs dosed orally with difloxacin at 300 mg/kg body weight have been described.6 The earliest lesions were fissures within the intermediate zone of cartilage at predilection sites on the pumeral and femoral heads. After two or more daily doses of difloxacin, necrosis of chondrocytes and disruption of matrix occurred. In sections stained with toluidine blue, loss of glycosaminoglycan from the extracellular matrix was detected after 5 or 7 days of treatment.
Little information has been published on the ultrastructural changes caused in the AECC by treatments with quinolones. Gough et al.I2 described the ultrastructural features of the chronic reparative stage of the lesion induced in immature dogs by oxolinic acid, but there were no reports on the initial ultrastructural changes caused in dogs by quinolones. Kato and Onodera20 described the histologic, histochemical, and ultrastructural changes in the AECC of immature rats dosed with ofloxacin. More recently, Stahlmann et al.*' described the subacute ultrastructural changes in the AECC of skeletally immature marmosets and rats dosed with ofloxacin for 5 days. Because the earliest ultrastructural changes have not been described in the AECC of dogs that have been dosed with quinolones, the present study was conducted to characterize the lesions caused by difloxacin, a fluoroquinolone.
Materials and Methods
Twelve 3-month-old Beagle dogs were used for the study. Dogs were housed in runs in a room maintained at 20-25 C and a 12-hour light/ 12-hour dark cycle. Food and water were provided ad libitum. Dogs were housed in their kennels for a minimum of 5 days prior to the onset of the experiment. Powdered difloxacin (Abbott Laboratories, Abbott Park, IL), contained in two gelatin capsules, was administered orally once per day at a dose of 300 mg/kg body weight6 Dogs were divided into four groups of three (Group Nos. 1-3 and one control group). Dogs in the first treatment group were given difloxacin at 0 hour and euthanatized at 24 hours. Dogs in the second and third treatment groups were given difloxacin at 0 and 24 hours and were euthanatized at 36 and 48 hours, respectively. Dogs in the control group were given two empty gelatin capsules at 0 and 24 hours and were euthanatized at 48 hours. The dogs were euthanatized by intravenous injection of sodium pentobarbital and subsequent exsanguination. Im-mediately after euthanasia, the scapulohumeral and the coxofemoral joints were opened, and the joint surfaces were irrigated with chilled fixative that consisted of 2% purified glutaraldehyde and 2% paraformaldehyde in 0.1 M cacodylate buffer (pH 7.3). Full-depth 1.5-mm-wide slabs of the articular-epiphyseal cartilage complexes and thin segments of subchondral bone were collected with an osteotome from the sites on the humeral and femoral heads that were previously determined as predilection sites for the development of lesions in dogs dosed with difloxacin ( Fig. 1 ).6 Duplicate samples were trimmed of excessive subchondral bone, cut into 1.5x 1x 0.5-mm slabs, and placed into either of two primary and subsequent secondary fixatives, according to the method of t Chondrocytes were considered to have swollen mitochondria when they contained one or more mitochondria in which the matrix area was expanded by electron-lucent material. Percentages were determined from counts made on all micrographs that were available for each dog (i.e., between 37 and 85).
* All values are expressed as the mean for the group k the standard error of the mean. 0 The group means identified by different letters are significantly different (Duncan's Multiple Range Test, P < 0.05). rapidly dehydrated in graded alcohols, cleared in propylene oxide, and embedded in epoxy resin. For evaluation of extracellular matrix, slabs were fixed for 2 hours in 2% glutaraldehyde in 0.1 M cacodylate buffer (pH 7.3) containing 0.7% ruthenium red, which stains proteoglycans.I4 Following two rinses in cacodylate buffer, the slabs were secondarily fixed for 2 hours in a solution of 1% osmium tetroxide in 0.1 M cacodylate buffer with 0.7% ruthenium red. These fixed slabs of cartilage were dehydrated, cleared, and embedded as described above.
Blocks were sectioned in a plane perpendicular to the articular surface to allow evaluation of the articular surface and the entire thickness of the articular-epiphyseal cartilage complex. Thin sections (thickness of 70 nm) were picked up on 200-mesh copper grids, stained with uranyl acetate and lead citrate, and examined in a JEOL transmission electron microscope at 60 kV. Twenty blocks per dog of humeral and femoral head articular-epiphyseal cartilage complex were thick sectioned, and seven blocks (those that were most representative of the changes) were thin sectioned for examination and preparation of electron micrographs. Qualitative changes were assessed in sections prepared for evaluation of either cellular or matrical detail. Because lesions develop exclusively within the intermediate zone of cartilage, this area was examined extensively.
Mitochondria were assessed in two ways. First, they were evaluated subjectively on morphologic features that included size and electron lucency. Mitochondria were designated as swollen if they appeared to be enlarged relative to other organelles within the cell and if their matrices were unusually electron lucent. Second, a point-counting procedure was used to determine the percentage of cross-sectional area of chondrocytes that was occupied by mitochondria and vacuoles. Percentages were quantified in electron micrographs taken to obtain the highest magnification of the entire cell (i.e., magnifications ranged from 12,500 to 20,750 because sizes of cells varied Many of the mitochondria are slightly swollen but one vacuole is markedly dilated (arrowhead). Note the electron lucency of some of the pericellular matrix (*). Potassium ferrocyanide-osmium tetroxide fixation. Bar = 1 pm. Fig. 6 . Femoral head dog No. 27 from Group No. 3, which was euthanatized 48 hours after the first dose of difloxacin. The necrotic chondrocyte at the bottom of the micrograph has prominent cytoplasmic vacuoles, a condensed nucleus, and a fragmented plasma membrane. The pericellular matrix is electron lucent and contains electron-dense lipidic debris. Note that the adjacent chondrocyte is intact but has swollen mitochondria. Potassium ferrocyanide-osmium tetroxide fixation. Bar = 2 pm.
Results
Gross lesions were present as fluid-filled vesicles within the cartilage of predilection sites on the humeral and femoral heads of all three dogs that were euthanatized 48 hours after the first treatment with difloxacin. Gross lesions were not observed in control dogs or in treated dogs euthanatized 24 or 36 hours after the onset of treatment.
Chondrocytes of the intermediate zone of cartilage from the control dogs had well-preserved cellular detail (Fig. 2) . A low number ofthese chondrocytes, however, contained one or more mitochondria that were slightly swollen (Table 1) . Invariably, matrices of swollen mitochondria had lower electron density than did those of mitochondria that were not swollen. Many of the chondrocytes from the dogs of Group No. 1, the 24hour group, were indistinguishable from those of the control dogs, but a greater percentage (44%) of them had slightly swollen mitochondria (P < 0.05) ( Table  1 ). Many of these chondrocytes also had enlarged cytoplasmic vacuoles (Fig. 3) . The mean percentage of cross-sectional area occupied by vacuoles in the 24hour group was nearly twice that of the control group; however, the means for these two groups were not different (P > 0.05). Although the mean cross-sectional area of mitochondria in Group No. 2, the 36-hour group, did not differ from that of the control group (P > 0.05), more chandrocytes of Group 2 had swollen mitochondria (P < 0.05, Fig. 4) . No changes were ob- and the swelling was more severe in many scattered chondrocytes (Fig. 5) . Mitochondria of the 48-hour group also accounted for a higher percentage (5.0%) of cross-sectional area as compared with the other groups of dogs (P < 0.05). In several specimens, a few necrotic chondrocytes were scattered within the intermediate zone. Many of them were adjacent to intact chondrocytes, and the extracellular matrix surrounding them was less electron dense than normal (Figs. 6, 7) . Necrotic chondrocytes had pyknotic nuclei, disrupted plasma membranes, and fragmented cytoplasmic organelles that had been dispersed into the extracellular matrix.
The changes first observed in the extracellular matrix were limited to cartilage from dogs of the 48-hour group and consisted of small electron-lucent patches that surrounded degenerating and necrotic chondrocytes (Figs. 6, 7) . In specimens prepared with the ruthenium red fixative, electron-lucent patches around necrotic chondrocytes contained aggregates of electron-dense proteoglycan material. The interterritorial matrix, however, was morphologically normal in cartilage that had not developed fissures. Margins of overt fissures were composed of aggregates of electron-dense proteoglycan material admixed with collagen fibrils (Figs. 8, 10) . Along margins of some fissures, the col- High magnification of interterritorial matrix, adjacent to the margin of a fissure within the cartilage. Collagen fibrils are partially disorganized into an abnormal U-shaped bundle. Most of the electron-dense granules of proteoglycan are adherent to collagen fibrils with their normal periodicity of alignment, but some granules are aggregated (arrowhead). Ruthenium red-osmium tetroxide fixation. Bar = 1 pm. Fig. 9 . Humeral head control dog No. 53. High magnification of the normal interterritorial matrix. Note that individual collagen fibrils are lined by aggregates of electron-dense proteoglycan material. Ruthenium red-osmium tetroxide fixation. Bar = 1 pm. Fig. 10 . Humeral head; dog No. 94 from Group No. 3, which was euthanatized 48 hours after the first dose of difloxacin. High magnification of interterritorial matrix, adjacent to the margin of a fissure within the cartilage. Collagen fibrils are abnormally organized into bundles. Note that electron-dense proteoglycan granules are dissociated from collagen fibrils, forming aggregates between two bundles of collagen fibrils (arrowheads). Ruthenium red-osmium tetroxide fixation. Bar = 1 pm. Vet Pathol29:3. 1992 lagen fibrils were clumped abnormally into bundles (Figs. 9, 10) . Most of the chondrocytes adjacent to the fissure margins were necrotic and severely fragmented.
Discussion
A previous study6 described the histologic changes in the articular-epiphyseal cartilage complexes of dogs dosed with difloxacin, but whether the first alterations were in the chondrocytes or the matrix was not determined. In this study, the ultrastructural changes in chondrocytes preceded changes in the matrix and were similar to those found by Kato and Onodera,20 who dosed rats with ofloxadin. Bendele et al.3 considered that the role of chondrocytes in the initiation of quinolone-induced lesions was a passive one because nalidixic acid caused cystic lesions in the articular-epiphyseal cartilage complexes of guinea pigs in which chondrocytes had been destroyed by the intra-articular injection of iodoacetate, an inhibitor of glycolysis. Enzyme-induced damage of cartilage was considered unlikely because neither neutral protease activity nor collagenase activity was detected in normal or affected cartilages; however, a positive control (e.g., osteoarthritic cartilage) was not included. Although activity of enzymes other than neutral metalloproteases were not evaluated, they could have been operative. Increased enzymatic activities could have occurred within the focus in which a lesion developed, but they may not have been detected in assays of full-thickness cartilage because of the dilutional effect brought about by analysis of adjacent unaffected cartilage.
In the present study, however, morphologic and morphometric changes in chondrocytes preceded changes in the matrix. Changes in the matrix were initiated in the pericellular area, indicating that difloxacin primarily affected chondrocytes rather than matrix. The selective initial destruction of territorial matrix was consistent with a mechanism involving the release of acid proteasesg or neutral metal lop rot ease^^^ from chondrocytes, but destruction of cartilage could have been nonenzymatic. Because initial changes in matrix were confined to the pericellular area, these changes in the territorial matrix were probably primary and large fissures probably formed from these foci. Stahlmann et al.27 found similar changes in the territorial matrix of articular-epiphyseal cartilage complexes from immature rats and marmosets after 5 days of dosing with ofloxacin; however, electron-lucency within the interterritorial matrix was also described. Because their observations were made on lesions that were more advanced (i.e., after 5 days of dosing instead of after 2 days, as in the present study), the changes observed within the interterritorial matrix may have represented a progression of changes in the territorial matrix.
In samples from cartilages with gross lesions (from the 48-hqur group), the entire boundary of the fissure was not included in the plastic-embedded specimen. These lesions, which presumably corresponded to those evaluated by light microscopy,6 had massive disruption of the matrix and necrosis of chondrocytes. Although such specimens could not be used for identifying primary changes, evaluation of them did provide insight into the secondary changes that occurred within the matrix.
The normal infrastructure of the extracellular matrix is necessary for the maintenance of the functional integrity of cartilage. * Proteoglycan granules are bound to collagen fibrils in the normal extracellular matrix, resulting in a hydrophilic environment that imbibes water and keeps collagen fibrils separated and under tension. In the articular-epiphyseal cartilage complexes of the dogs of the present study, the margins of large fissures had collagen fibrils clumped into abnormal bundles. Although proteoglycan granules were adherent to mildly disrupted collagen fibrils, they were dissociated from the collagen fibrils that had formed bundles and were clumped into electron-dense aggregates. This breakdown of matrical structure closely resembled that observed in cartilages that had been partially digested with trypsin and bacterial collagena~e.~ Although chondrocytes most likely released enzymes to cause the matrical changes observed in the present study, changes in the matrix may have been caused by a direct toxic effect of the drug. Because disruption of matrix was accompanied by overhydration of the matrix within the lesion, morphometric determination of whether the densities of either proteoglycan or collagen were decreased in the early stage of the lesion was not possible. Biochemical evaluation of affected cartilages is necessary to answer these questions.
The percentage of the intermediate zone chondrocytes with swollen mitochondria increased with an increasing period of treatment over 48 hours; however, a number of them were refractory to the toxic effect of difloxacin. The specific reason for the difference in susceptibility among chondrocytes was not apparent, but chondrocytes within a population were biochemically heterogeneou~.~~,~~ Mitochondria1 swelling, as an early lesion of chondrocytes exposed to difloxacin, was in agreement with the findings of Stahlmann et al.,27 who observed swollen mitochondria in chondrocytes of marmosets and rats that had been dosed with ofloxacin for 5 days. Although difloxacin may have killed chondrocytes by interfering with the function of their mitochondria, the mechanism for the damage is not known. The mech-anism could be related to the drug's inhibition of bacterial DNA gyrase;26 other quinolones reportedly inhibited DNA synthesis in mammalian m i t~c h o n d r i a .~ Kato and O n~d e r a '~ also demonstrated that ofloxacin inhibited DNA synthesis by chondrocytes of the intermediate zone of the articular-epiphyseal cartilage complex in rats. Because several insults to mitochondria, including deficiencies of various electrolytes or exposure to compounds that interfere with enzymes or substrates of oxidative metabolism, can cause them to difloxacin may have acted on mitochondria by a mechanism that did not involve DNA metabolism.
Difloxacin or one of its metabolites may have killed the chondrocytes by interacting with the membranes of various cytoplasmic organelles, thus interfering with homeostasis of ions and water.8 Because changes in chondrocytes appeared to be primary, further studies of the effects of quinolones on the metabolism of chondrocytes are warranted. 
